Microwave emission by a spin Hall nano-oscillator 



(N 

O 

(N 

O: 



I 

O 

o 



> 
oo 

d 

(N 



X: 



R. H. Liu, W. L. Lim, and S. Urazhdin 

Department of Physics, Emory University, Atlanta, GA 30322 

We study the effects of a pure spin current on the magnetization of a Permalloy film. The spin 
current is generated due to the spin Hall effect by locally injecting an in-plane electric current into an 
adjacent Pt layer. Microwave spectroscopy shows that the spin current induces coherent oscillations 
of the magnetization of Permalloy, resulting in emission of microwave radiation due to the anistoropic 
magnetoresistance. The frequency of the emitted microwaves is always lower than the ferromagnetic 
resonance frequency of the ferromagnet, indicating that the oscillation forms a non-propagating spin 
wave "bullet". Our measurements demonstrate the viability of active magnetoelectronic microwave 
devices operated by pure spin currents. 
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Spin-polarized electric currents can be utilized to mod- 
ify the magnetic configuration of ferromagnets and are 
thus essential for the operation of active spin-based elec- 
tronic (spintronic) devices These devices typically 
utilize two ferromagnetic layers The electric current 
is spin-polarized in one layer and injected into another 
(free) layer, changing the magnetic configuration or caus- 
ing microwave-frequency precession of the latter due to 
the spin torque (ST) effect 0^. The ST exerted by 
each transmitted electron is generally limited by its to- 
tal spin-angular momentum ?i/2. As a consequence, de- 
vice operation requires a relatively large electric current 
I that scales with the magnetic moment of the free fer- 
romagnet On the other hand, the thermal stability 
of nanoscale magnetic devices generally improves with 
increasing magnetic moment Q- Because of these oppo- 
site trends, achieving a balance between efficiency and 
stability of spin torque devices is challenging. 

In a recently developed class of spintronic devices, the 
spin Hall effect (SHE) j^, Q produces a pure spin cur- 
rent controlling the magnetization of ferromagnets 
141 . The efficiency of SHE devices is not limited by the 
magnitude of the angular momentum of electron, since a 
single electron passing through the device can experience 
multiple scattering both in the ferromagnet and in the 
SHE material, transferring a sizable fraction of its total 
angular momentum in each scattering event. Morevover, 
since electric current does not need to flow through the 
active magnetic layer, SHE devices can utilize not only 
conducting but also dielectric magnetic materials. 

While the use of SHE opens possibilities for new de- 
vice geometries, it also requires innovative approaches 
to signal generation taking advantage of magnetoresis- 
tance effects that do not necessarily require an additional 
magnetic layer. Development of active SHE devices also 
requires a better understanding of the effects of geome- 
try on the dynamical characteristics of magnetic systems. 
For instance, it has been demonstrated that magnetiza- 
tion oscillations cannot be induced by a uniform spin 
current applied to a micron-sized ferromagnetic disk be- 
cause of the nonlinear damping [l3| • 



Auto-oscillation induced by SHE has been recently ob- 
served by micro-focus Brillouin light spectroscopy (BLS) 
in an in-plane point-contact geometry. By locally inject- 
ing a spin current into an extended magnetic film [l5| , ra- 
diative damping of the propagating spin- wave modes was 
enhanced, suppressing nonlinear processes and enabling 
auto-oscillation. These measurements demonstrated a 
route for achieving oscillations due to SHE, but did not 
show how these oscillations can be converted into mi- 
crowave signals. The spectroscopic resolution of BLS was 
also insufficient to determine the spectral properties of 
the oscillation. 

Here, we demonstrate coherent microwave generation 
due to the SHE in a device that utilizes local current in- 
jection to suppress nonlinear damping, and anisotropic 
magnetoresistance (AMR) of the magnetic layer to con- 
vert the oscillations into a microwave signal. Our spec- 
troscopic measurements directly demonstrate the coher- 
ent single-mode nature of the excitation and confirm its 
relation to the spin- wave spectrum observed in Ref. [is} . 
Finally, we show that all the oscillation characteristics 
exhibit a strong dependence on temperature, suggest- 
ing that thermal fluctuations significantly affect both the 
SHE and the oscillation itself. 
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FIG. 1: (Color online), (a) Scanning electron micrograph of 
the test device, (b) Symbols: power spectral density (PSD) of 
the microwave signal emitted by the device ai H = 700 Oe, 
/ = 20 mA, T = 6 K, at an angle 9 = 60° between the 
direction of the field and the current flow. The curve is the 
result of fitting by the Lorentzian function. 
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Figure [Ija) shows a scanning electron microscopy 
(SEM) image of our test device and the experimental 
layout. The device is comprised of a 4 fim Py(5)/Pt(4) 
bilayer disk and two pointed Au(lOO) electrodes on top. 
Here, Py is Permalloy (Ni8oFe2o), and thicknesses are in 
nanometers. The device was fabricated by a combination 
of sputtering and e-beam lithography. The separation 
between the endpoints of the Au electrodes was 70 nm. 
By applying a voltage between the Au electrodes, an in- 
plane electrical current localized mostly in the gap be- 
tween electrodes was induced in the Py/Pt bilayer. This 
current induced a pure spin current flowing towards the 
Py layer due to the SHE in Pt [1, 1^, resulting in the 
oscillation of the Py magnetization M. 

To enable microwave generation due to this oscillation, 
we utilized the dependence of the device resistance R on 
the angle 9 between M and the direction of current /. 
The sinusoidal dependence of i? on with a period of 
180° was consistent with the anisotropic magnetoresis- 
tance (AMR) of Py fl6| . The relative magnetoresistance 
was AR/R ^ [i?(0°)'- i?(90°)]/i?(90°) = 0.125% at RT, 
which was an order of magnitude smaller than in stan- 
dalone Py films due to shunting by Pt. 

Previous studies showed that the current-induced ex- 
citation is most efficient when the magnetic field H, the 
direction of the current flow, and the normal to the film 
surface directed from Py to Pt form a right-hand set of 
orthogonal vectors [l2L|l4l| , consistent with the expected 
symmetry of SHE [8|, |9|. On the other hand, the AMR 
has a minimum when H is orthogonal to /, and therefore 
a microwave signal at the oscillation frequency cannot be 
produced in this configuration. This limitation of AMR 
can be avoided by choosing intermediate orientations of 
H such that the oscillation of M can be induced by the 
spin torque, and simulataneously a microwave signal can 
be generated at the frequency of the oscillation. We ob- 
served oscillations in the range of 9 between 30° and 85°, 
as illustrated in Fig. for 9 = 60°. The spectrum 
can be well fitted by the Lorentzian function with a full 
width at half maximum (FWHM) of 5 MHz at T = 6 K 
[solid curve in Fig. [TJb)]. The actual temperature of the 
active device area was Ta ~ 50 K because of the Joule 
heating, as discussed below. 

Figure [H shows the dependence of the generation char- 
acteristics on current / at T = 120 K. A small oscil- 
lation peak appeared at / > 14 mA. The intensity of 
the peak quickly increased to a maximum amplitude of 
110 pW/MHz at / = 19 mA and the frequency slightly 
increased, while the linewidth decreased to a minimum 
value of 10 MHz at / = 19 mA. At / > 19 mA, the 
peak broadened and decreased in amplitude while shift- 
ing to lower frequencies. This evolution of the oscillation 
characteristics is remarkably similar to the traditional 
spin- valve nano-oscillators both in the nanopillar 17| and 
point contact geometries [l^,[l^. It is consistent with the 
theory of nonlinear oscillators, which predicts that the 
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FIG. 2: (Color online). Dependence of the microwave gener- 
ation characteristics on current, ai H — 700 Oe, 8 — 60°, 
T — 120 K. (a) Generation spectra at / between 16 mA 
and 22 mA varied in 0.5 mA steps, (b)-(d) Dependence of 
the central generation frequency (b), FWHM (c) and inte- 
gral intensity (d) on current. The central frequency and the 
linewidth were determined by fitting the power spectra with 
the Lorentzian function. 



thermal linewidth decreases with increasing oscillation 
power and increases with increasing nonlinearity 2^, 21 1 . 
In particular, the minimum of the linewidth correspond- 
ing to the peak of the oscillation frequency at I — 19 mA 
can be attributed to the vanishing contribution of the 
nonlinear line broadening. 

To establish the relation of the observed oscillation to 
the characteristics of spin- wave excitations in the Py film, 
we determined the ferromagnetic resonance (FMR) fre- 
quency fpMR by the spin torque-driven FMR (ST-FMR) 
technique [24I. An ac current lac was applied at a mi- 
crowave frequency fext , causing magnetization oscillation 
due to a combination of the Oersted field and the spin 
torque. The resulting periodic variation of resistance due 
to AMR mixed with the ac current, producing a peak of 
dc voltage across the sample at the value of H corre- 
sponding to fpMR = fext- 

Previous studies of Pt/Py bilayers showed that the 
ST-FMR voltage peak contains both symmetric and an- 
tisymmetric components, due to the different contribu- 
tions from the spin torque and the Oersted field of the 
ii]. We obtained good fits to the ST-FMR 
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current 

peaks with a sum of symmetric and antisymmetric Loren- 
tizan contributions [see inset in Fig.|31[a)], allowing us to 
precisely determine fpMR- The dependence of fpMR on 
H agreed well with the Kittel formula, as illustrated with 
a solid curve in Fig. I^a) . The value M = 827 G of the Py 
magnetization obtained from the best fit was consistent 



with the published data for Py [11 , 

The maximum of the auto-oscillation frequency [trian- 
gles in Fig. inja)] was always lower than Jfmr [circles 
in Fig. infa)]. At T = 6 K and ff = 350 Oe, the auto- 
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FIG. 3: (Color online). Relation of the oscillation to the fer- 
romagnetic resonance (FMR) of the Py film. All the data 
were obtained at T = 6 K. (a) The ST-FMR frequency (cir- 
cles) and the maximum auto-oscillation frequency (triangles) 
vs H. The solid curve is the result o f fitting of th e FMR 
data with the Kittel formula / = 'y^ H[H ~\- AtvM), where 
M — 827 G is the best-fit value for the Py magnetization, 
and 7 — 2.8 MHz/Oe is the gyromagnetic ratio. Inset: the 
ST-FMR voltage vs field H obtained with ac current of 2.5 mA 
at frequency fext = 4.5 GHz. The curve is the best fit with 
a sum of a symmetric and an antisymmetric Lorentzian func- 
tions, (b) Dependence of the oscillation onset current Ith on 
the magnetic field. The solid curve is a guide for the eye. 



oscillation frequency was 0.5 GHz lower than Jfmr- The 
difference between the two frequencies increased with in- 
creasing H, and reached 0.9 GHz at if = 1.1 kOe. This 
relationship between the oscillation and FMR was pre- 
served at higher temperatures. Therefore, we can con- 
clude that the auto-oscillation mode does not belong 
to the spin-wave spectrum, but instead forms a non- 
propagating self-localized "bullet" below the spin- wave 
spectrum [2^, consistent with the results of BLS mea- 
surements in a similar device geometry 15|. 

The observed dependence of the oscillation thresh- 
old current Ith on the magnetic field [Fig. WL^)] can 
be attributed to the effects of radiation damping. At 
H > 600 Oe, the value of Ith decreases with decreasing 
field, as expected for the dependence of spin torque effect 
on the oscillation frequency Q. However, at H < 600 Oe, 
Ith starts increasing with decreasing H. The increase at 
small H likely originates from the decreasing frequency 
gap between the bullet mode and the spectrum of propa- 
gating spin- waves. Because of the thermal line broaden- 
ing, there is a finite probability for the relaxation of the 
self-localized oscillation into the propagating spin-wave 
modes at close frequencies [2^[2^. Therefore, the smaller 
is the frequency gap, the stronger is the thermal emission 
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FIG. 4: (Color online). Effects of temperature on the auto- 
oscillation, (a) R vs I at different substrate temperatures, 
as labeled, (bottom axis) and R vs T measured with a small 
ac current (top axis), (b) R vs I^ at 250 K. Solid line is 
a linear fit to the data, (c) The dependence of the current 
value at the maximum oscillation frequency on the calculated 
temperature Ta of the active device area, (d) Dependence of 
the linewidth at the maximum oscillation frequency on Ta- 
Solid curve is the result of fitting using an exponential de- 
pendence a + b * exp{Ta/c) with parameters a — 4.5 MHz, 
b = 0.13 MHz and c — 41.3 K. (e) Total emitted microwave 
power at the maximum oscillation frequency vs ARIp. Solid 
line is a fit to the data. 

Measurements of oscillations at different temperatures 
indicate significant effects of thermal fluctuations on all 
the oscillation characteristics, as illustrated in Fig.|4l To 
take into account the contribution of the Joule heating 
effects to the actual temperature Ta of the active de- 
vice area, we first measured the dependence of the de- 
vice resistance on current at different values of T, as il- 
lustrated by a series of curves in Fig. HJ^a). The R vs 
/ curves were approximately linear at cryogenic temper- 
atures and parabolic at high temperature [see R vs I^ 
plot in Fig. Sl^b) for T = 250 K], as expected for the 
Joule heating effects of the active device area 27|. By 
comparing these dependencies to the R vs T dependence 
acquired with a small ac current that produces negligible 
heating [red curve and top scale in Fig. |4l[a)], we can ob- 
tain the dependence of Ta on / at a given T. For instance, 
this procedure yields Ta = 50 K at T = 6 K, / = 20 mA 
for the oscillation spectrum shown in Fig.[TJb). 
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We now analyze the dependence of the oscillation char- 
acteristics on the temperature Ta of the active device 
area. The precise value of the oscillation threshold cur- 
rent and the oscillation characteristics at this current are 
difficult to determine at high temperatures due to the 
thermal noise. Therefore, we focus our analysis on the 
behaviors at the maximum of the oscillation frequency 
[e.g. / = 19 mA at T = 120 K in Fig. [2]. Not only is it 
a well-defined point of the current-dependent oscillation, 
but it is also characterized by the smallest generation 
linewidth since the nonlinear line broadening effects are 
minimized plj . 

Figure |4l[c) shows the temperature dependence of the 
current Ip corresponding to the maximum oscillation fre- 
quency. The value of Ip decreases from 21.2 mA at 
Ta = 50 K to 12.5 mA at Ta = 265 K. We observed 
a similar temperature dependence for the threshold cur- 
rent. Excitation efficiency can increase at higher temper- 
atures due to a decrease of Py magnetization, an increase 
of the SHE efficiency, and/or a decrease of the dynamical 
damping. Our measurements of ST-FMR did not show a 
significant variation of /fair with temperature, indicat- 
ing that the magnetization of Py does not significantly 
vary over the studied temperature range. We also expect 
that the damping of oscillation increases with increasing 
T, due to the larger contribution of thermal radiation 
of the propagating spin-wave modes. Therefore, the ob- 
served behaviors can be attributed to an increase of the 
SHE efficiency. A significant dependence of SHE on tem- 
perature may indeed be expected due to the temperature- 
dependent proximity magnetism in Pt 28, 2^. 

Figure HJ^d) shows the dependence of the linewidth on 
Ta aX I — Ip- The linewidth remains approximately con- 
stant at small Ta, and rapidly increases at Ta > 200 K. 
This dependence can be empirically fitted with an expo- 
nential function [solid curve in Fig. |4l[d)]. The observed 
exponential increase of the linewidth with temperature 
is in a stark contrast with linear or ^/T dependence pre- 
dicted by the theory of thermal broadening f2ll [30| and 
observed in other magnetic auto-oscillators [22|. 

In contrast to the traditional spin- valve oscillators, os- 
cillations disappeared above Ta = 265 K, indicating that 
the increased thermal radiation damping completely sup- 
presses the auto-oscillation. Oscillation induced by SHE 
was observed by BLS at RT in a similar device with a 
larger electrode separation of 100 nm [l^. It is likely that 
thermal radiation effects decrease with increasing excita- 
tion area, extending the temperature range of oscillation 
to RT. Future analyses and experimental studies of the 
dependence of oscillation characteristics on the device ge- 
ometry will likely clarify the origin of these behaviors. 

Despite a significant nonlinear variation of the exci- 
tation current and the linewidth, the intergated emit- 
ted power Pmw followed a simple linear dependence on 
ARIp, where both Ip and AR vary due to their tem- 
perature dependence [Fig. SJe)]. Nevertheless, this de- 



pendence deviates from the one expected for a constant 
oscillation amplitude, since the value of Pmw/ ARIp does 
not remain constant due to the offset of the linear depen- 
dence in Fig. mje). 

To summarize, we have demonstrated emission of co- 
herent microwaves due to magnetization oscillation in- 
duced by a local pure spin current in a Py/Pt bilayer. 
The spin current is generated by the spin Hall effect in 
Pt, and the observed microwave emission is caused by 
the anisotropic magnetoresistance of Py. The oscillation 
frequency was always lower than the frequency of the 
ferromagnetic resonance, confirming that the oscillation 
mode is a self-localized standing wave. The dependence 
of the oscillation characteristics on current was remark- 
ably similar to the spin- valve nano-oscillators. However, 
their variation with temperature was different from the 
traditional magnetic nano-oscillators, indicating a signif- 
icant temperature dependence of both the spin Hall effect 
and of the magnetization dynamics. Oscillators driven by 
pure spin currents provide significant potential benefits 
compared to the traditional spin valve-based spin torque 
nano-oscillators, since they can utilize non-conducting 
magnetic layers, and their efficiency is not limited by the 
magnitude of the angular momentum of electron. 

This work was supported by the NSF Grant ECCS- 
1218419. 
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